Abstract Childhood adversity, characterized by abuse, neglect, and household dysfunction, is a problem that exerts a significant impact on individuals, families, and society. Growing evidence suggests that adverse childhood experiences (ACEs) are associated with health decline in adulthood, including cardiovascular disease (CVD). In the current review, we first provide an overview of the association between ACEs and CVD risk, with updates on the latest epidemiological evidence. Second, we briefly review plausible pathways by which ACEs could influence CVD risk, including traditional risk factors and novel mechanisms. Finally, we highlight the potential implications of ACEs in clinical and public health. Information gleaned from this review should help physicians and researchers in better understanding potential long-term consequences of ACEs and considering adapting current strategies in treatment or intervention for patients with ACEs.
Introduction
Despite significant advances in treatment and secondary prevention over the past decades, cardiovascular disease (CVD) remains the major cause of mortality and morbidity for both men and women in the USA and worldwide [1] . Total direct and indirect costs of CVD are projected to increase from $579 billion in 2012 to $1.2 trillion in 2030. There is increasing evidence that early life factors may contribute to the development of CVD, such as findings of early atherosclerotic lesions in adolescents and young adults [2] , development of CVD risk factors such as obesity, blood pressure, and cholesterol in infants and children [3] , and evidence that early life markers such as birth weight and childhood socioeconomic status (SES) may be risk markers for CVD [3] . As a critical developmental phase, environmental exposures in early life may have crucial impacts on adolescent and adult health [4] . Some compelling data have come from studies of children who grew up in poverty and show heightened vulnerability to negative health outcomes including CVD in adulthood [5] . However, low childhood SES is only one marker of early life stress and may not fully represent the psychosocial stress during childhood [6] . Emerging evidence now ties adverse childhood experiences (ACEs), characterized by multiple harsh conditions within the family, to adult health risks [7] . Understanding the burdens associated with ACEs and identifying their long-term effects on health are of grave importance in promoting cardiovascular health and reducing health care costs across the life course.
According to the World Health Organization (WHO), ACEs refer to some of the most intensive and frequently occurring sources of stress that children may suffer early in life [8] . Such experiences include abuse (physical, emotional, and sexual), neglect (emotional and physical), and household dysfunction (e.g., parental mental health and substance abuse problems, violence between parents or caregivers, having an incarcerated family member, and parental marital discord). The prevalence of ACEs is high among the US population. A nationally representative telephone health survey collected information on ACEs between 2009 and 2011 on 84,786 adult respondents, with the majority (58.5 %) reporting at least one ACE and 11.6 % reporting ≥5 ACEs [9] . Similarly, another national survey of children's exposure to violence in 2011 reported that 57.7 % of children and youth (aged 1 month to 17 years) experienced at least one ACE in the year prior to survey [10] . Of note, ACEs are interrelated rather than occurring independently. Exposure to one type of ACE increased the likelihood that a child or youth had exposures to other types as well. For example, Dong et al. reported that the prevalence of reporting physical abuse was 80.5 % among persons who reported emotional abuse compared to 20.1 % among persons who had not (with adjusted odds ratio of 17.7) [11] . A graded relationship between ACEs and negative health outcomes has also been reported. For example, the greater the number and severity of childhood adversities, the higher the likelihood of reported ischemic heart disease [12] .
Growing evidence suggests that early adverse experiences can disrupt normal psychosocial development and increase vulnerability to a broad range of behavioral, mental, and physical health problems, which in turn leads to a higher risk of CVD. For example, it has been shown that exposure to repeated severe (e.g., abuse) and chronic (e.g., conflict between parents) stressful events in early life can result in abnormal behaviors in children and adolescents, who may try to reduce tension or stress through avoidant, self-medicating (e.g., smoking or alcohol abuse), compulsive (e.g., overeating), and/or self-injurious behaviors [13] [14] [15] . Traumatic experiences in childhood can also affect emotional and psychological development, increasing vulnerability to mental health problems such as major depression and posttraumatic stress disorder (PTSD) [16] . Moreover, emerging data suggest that adversity in early life is able to alter biological functioning in stress regulatory pathways, leading to long-lasting altered stress responsivity in adulthood [17] . Of note, these pathways influence each other rather than working independently. Indeed, they may form a complex matrix of interrelationships and together contribute to the susceptibility to CVD. Given the long-term effect of ACEs, a lack of recognizing and addressing patient's poor psychosocial circumstances in early life may increase chances of unsuccessful treatments or interventions for CVD risk. For example, in a follow-up study of morbidly obese individuals who had lost >100 lb, Felitti and colleagues found that participants with a history of major childhood emotional trauma and household dysfunction were more likely to regain their weight within 18 months compared to those without exposure to ACEs [18] . Many of these patients considered Bbeing obese^as a solution rather than a problem, keeping them safe from further harm [19] . A second example is a recent study showing lower statin medication adherence in male participants that experienced ACEs [20] . Lower medication adherence could, in part, be due to a present-focused orientation that may emerge early in life where because of adverse experiences, a child learns to focus on present challenges, with an uncertain future [20] . These studies and others that followed illustrate the role of screening and early detection of ACEs in developing trauma-informed care.
In the current review, we first provide an overview of the association between ACEs and CVD risk, with updates on the latest epidemiological evidence. Second, we briefly review plausible pathways by which ACEs could influence CVD risk, including traditional risk factors and novel mechanisms. Finally, we highlight the potential implications of ACEs in clinical and public health. Information gleaned from this review should help physicians and researchers in better understanding potential long-term consequences of ACEs and considering adapting current strategies in treatment or intervention for patients with ACEs.
ACEs and Adult CVD Risk
Many researchers have long been interested in connections between the heart and psychosocial stress, including impacts of traumatic experiences early in life [21] . Over the past decade, a number of retrospective and prospective studies have assessed associations between ACEs and CVD risk. A landmark study is the ACE Study, which enrolled over 17,000 adults through a large health maintenance organization (HMO) [22] . A dose-response relationship was observed between the number of ACE categories experienced and increased ischemic heart disease risk [12] . However, the ACE study was retrospective, limited by self-reported cardiac outcomes without medical record confirmation. A subsequent prospective population-based study in Finland found a significant linear trend between the number of ACEs and risk of incident and confirmed CVD cases in 23,916 participants during a mean follow-up of 6.9 years [23] . Further evidence from the Nurses' Health Study (NHS) found associations between severe childhood maltreatment and early-onset CVD events in 66,798 women [24•] . Most recently, a nationally representative telephone survey collected exposure information on ACEs from 53,998 adults in ten US states and District of Columbia and found that exposure to ≥4 ACEs was associated with a higher likelihood of CVD compared to those with no ACE exposure [7] . Two studies in different US cohorts (New England Family Study and CARDIA Study) demonstrated significant associations of childhood family psychosocial environment with 10-year coronary heart disease risk, calculated using the Framingham algorithm [25, 26] . Mediation analyses in the CARDIA Study by Loucks et al. suggested that mechanisms may include the potential negative impact of childhood family psychosocial environment on later-life socioeconomic position (e.g., education in men and women) and/or psychosocial functioning (e.g., depression and anger-out expression in women), which may in turn lead to higher coronary heart disease (CHD) risk, particularly through smoking (in men and women) and lipids (in women) [25] . One possible mechanism for associations of ACEs with smoking is that nicotine has demonstrable psychoactive benefits that could unconsciously help regulate stress in those exposed to ACEs. In fact, a study found that participants with smoking-related illness (such as CVD) who persist in smoking are more likely to report ACEs than participants with similar illnesses who quit smoking [36] . Other studies found that childhood adversity was associated with lower likelihood of quitting smoking for women but not men [37, 38] . The role of childhood adversity in determining smoking behavior may indicate a Bsensitive period^during which intervention could lead to improvements in adult health, especially for women.
As smoking remains a major CVD risk factor and nearly 90 % of adult smokers indicate that they first started smoking before the age of 18 years [39], it is of importance to examine whether smoking is a mediator of the relationship between ACEs and CVD. A recent study found that smoking fully mediated the effects of childhood adversity on acute myocardial infarction [40] . However, smoking may not be the only pathway. In an analysis by Loucks et al. in the New England Family Study, findings showed that associations of parental bonding with 10-year CHD risk calculated using the Framingham risk algorithm remained statistically significant in sensitivity analyses that removed smoking from the Framingham risk algorithm [25] . This suggests that the early family environment may impact CHD risk on pathways independent of smoking. Further work is needed to determine the importance of smoking as a primary or component mediator.
Obesity and Type 2 Diabetes
A systematic review on associations of childhood exposure to interpersonal violence with obesity observed that 29 of the 36 included studies reported positive associations between at least one measure of childhood interpersonal violence and obesity [ 
Physical Inactivity
Another potential behavioral consequence of ACEs may be physical inactivity. Children who were sexually abused may avoid engaging in physical exercises with peers that could lead to being touched [51] . However, the results of relationship between ACEs and physical activity in adults are mixed. In the ACE Study, compared to participants who had no ACEs, those who had experienced four or more categories of childhood exposure had 1.4-fold higher likelihood of physical inactivity [22] . Similar results were observed in a recent WHO report which conducted ACE surveys in eight eastern European countries [52] . Compared with those who reported no adverse experiences, young adults who reported at least four ACEs were at significantly increased risk of many health-harming behaviors including physical inactivity (odds ratio 1.68; 95 % confidence interval 1.32-2.15). On the contrary, a nationally representative survey of adult resident in England found that ACEs were not related to physical exercise. Exploration of reasons for inconsistent findings could yield important information, such as evaluating the potential role of childhood adversity-induced physical fitness as a selfdefense response, particularly to physical-and sexual-related adverse experiences [53, 54] .
Sleeping Behavior
Several aspects of sleep behavior such as poor sleep quality, short sleep time, and sleep apnea syndrome have been linked to CVD risk in both adults and adolescents [55] [56] [57] . In recent years, there has been a growing body of epidemiological evidence documenting associations between childhood adversities and sleeping difficulties in adulthood. For example, using data obtained from 25,810 respondents of a national telephone survey, Chapman et al. found a significant, graded relationship between the number of ACEs and frequent insufficient sleep (≥14/30 days), after adjusting for demographic covariates and mental distress [58] . Similar results were reported from a recent study in 19,349 Canadian adults, in which for each additional childhood adversity experienced, the odds of having troubled sleep increased by 10 % (odds ratio=1.10) [59] . Most recently, Kajeepeta et al. conducted a systematic review, which showed that the majority of studies found significant associations of childhood adversity with multiple sleeping disorders [60] . These studies highlight the importance of early detection and intervention of sleeping disorders for children, adolescents, and adults, who experienced traumatic events in early life, to improve health and reduce risk of developing CVD.
Emotional Factors
The long-term impacts of ACEs on emotional and mental development are well established [61] . At very early ages, children learn to express and regulate emotions by interacting with parents and caregivers. Child maltreatment (e.g., abuse or neglect) and household dysfunction (e.g., domestic violence) may disrupt this learning process, limiting children's abilities to develop adequate self-regulatory and coping mechanisms. Maltreated children may be more sensitive to independent adverse life events, as compared to those with no trauma history, requiring lower levels of threat to trigger the negative response [62] . Children who experience parental abuse and/ or neglect are more likely to show problems with emotion regulation and develop mental disorders in adolescence and adulthood. For example, in an early longitudinal study, 80 % of young adults who had been abused before age 18 met the diagnostic criteria for at least one psychiatric disorder by the age of 21 [63] . Compared to their non-abused counterparts, abused subjects demonstrated significant impairments in functioning both at ages 15 and 21 years, including more depressive symptomatology, anxiety, psychiatric disorders, and emotional-behavioral problems [63] .
In recent years, numerous epidemiologic and clinical studies provided compelling evidence for strong associations between various forms of childhood adversities and mental illnesses in adults, such as major depression. Using data from the ACE Study, Chapman et al. reported a dose-response relationship between the severity of experienced childhood adversities and the presence of a depressive episode in the past year or lifetime chronic depression [64] . Their findings are in line with other epidemiological studies. For example, in a 32-year prospective longitudinal study of a representative birth cohort, Danese et al. found that children exposed to adverse psychosocial experiences were at elevated risk of depression in adulthood [6] . Findings of the Canadian longitudinal survey [65] , the Australian longitudinal study on women's health [66] , and the Wisconsin longitudinal study [67] have provided concordant results. An interesting cohort study that used both retrospective and prospective assessments of childhood adversity showed strong associations with major depression, suggesting that this association is not merely artifact of recall bias [68] . Depression has long been recognized as a risk marker for CHD, although the causal role has been questioned due to depression interventions in participants with CHD often not being effective to reduce subsequent CHD events or mortality [69] [70] [71] [72] . A recent study that intervened on depression showed significant protective effects against incidence of CVD events in participants without baseline CVD, which suggests that depression may indeed be on the causal pathway and interventions may be important if performed earlier on in the disease process [73] . Replication of these findings by other studies is needed.
PTSD is another common sequela of childhood maltreatment [74] . In a study of 1420 children and adolescents, Copeland et al. found that children displaying PTSD symptoms were more likely to have a history of exposure to trauma and to come from an adverse family environment [75] . Symptoms of PTSD in young children tend to be persistent over time [76] . Moreover, childhood maltreatment appears to make people more vulnerable to developing PTSD when exposed to a current life stressor [77] . PTSD also has a negative impact on health, likely including CVD. In a number of prospective observational studies, PTSD has been associated with incident CVD and mortality [78] [79] [80] [81] [82] [83] . Recently, data are emerging on the association between PTSD and objective measures of subclinical atherosclerosis. For example, Ahmadi et al. studied veterans who underwent clinically indicated computed tomography for evaluation of coronary artery calcification (CAC) and found that PTSD patients had twice the odds of CAC than those without PTSD [84] . Identification and prevention of depression and PTSD in young adults with experiences of childhood adversity may provide an important avenue for the prevention of CVD in later adult life.
Biological Pathways

Established CVD Biomarkers
In addition to CVD events, the Study of Women's Health Across the Nation (SWAN) recently reported that midlife women with a history of childhood sexual abuse had greater carotid intima media thickness (IMT), a measure of subclinical CVD, compared to women without this history [85] . Loucks et al. [25] demonstrated that a risky childhood family psychosocial environment was associated with carotid IMT in White, but not Black, participants in the CARDIA Study (n= 2659). These findings suggest that early childhood adversity is linked with the long-term development of atherosclerosis.
Epidemiological studies also showed associations between ACEs and CVD risk factors, such as hypertension and diabetes. For instance, findings from the Nurses' Health Study (NHS) suggest that women exposed to severe physical and/ or sexual abuse prior to age 18 were more likely to develop hypertension than women with no abuse history or less severe forms of abuse exposure [86] . These findings were supported by data from cross-national population surveys. In the WHO World Mental Health Surveys, which enrolled 18,630 adults from ten countries, the presence of three or more childhood adversities was found to be associated with adult-onset hypertension [87] . However, it is of note that most studies were conducted in middle-aged adults and relied on self-reported categorical measure of hypertension. Most recently, Su et al. [88] examined the long-term effect of ACEs on blood pressure (BP) trajectories from childhood to young adulthood using data from a longitudinal cohort of White and Black boys and girls followed for 23 years (1989-2012) , with an average of 13 BP assessments during that time period. Significant associations were found between the number of ACEs and longitudinal BP trajectories, where the effect sizes increased as participants aged into the third decade of life [88] . These data suggest that individuals with ACE exposure may have elevated risk for developing hypertension, most likely at earlier ages, than those without a history of ACEs [88] .
Nervous, Neuroendocrine, and Immune Systems
As results from epidemiological studies have been fairly consistent in demonstrating associations of ACEs with CVD and CVD risk factors, neurobiological studies have simultaneously showed how childhood adversities, such as abuse, may trigger a cascade of molecular alterations in multiple systems that regulate stress responses, including nervous, neuroendocrine, and immune systems [89] . It is well known that the human brain is not fully developed at birth and undergoes profound changes through to young adulthood [90] . Traumatic experiences in early life can negatively affect the structure and function of the brain. For example, maltreated children and adolescents tend to have decreased volume in the corpus callosum, which is the largest white matter structure in the brain and is responsible for interhemispheric communication and other processes (e.g., emotion, higher cognitive abilities) [91, 92] . Adults who were maltreated appear to have reduced volume in the hippocampus, which is central to learning and memory [92] . Compared to community controls, adolescents and young adults who experienced severe maltreatment early in life showed reduced frontal (anterior) interhemispheric coherence and poorer connections in white matter tract regions [92] . Similarly, the neuroendocrine and immune systems undergo age-dependent maturation after birth. In conditions of acute psychosocial stress, the hypothalamic-pituitary-adrenal (HPA) axis is activated and glucocorticoid hormones (e.g., cortisol) are released [17] . Maltreated children tend to have elevated basal cortisol levels, suggesting chronic activation of the HPA axis [17] . Similarly, adults with a history of childhood maltreatment also showed chronic activation of the HPA axis [17] . Remaining in a high level of stress for long periods of time can damage multiple physiological systems, including the brain. In addition, chronic activation of the stress response by trauma may have far-reaching effects on immune system functioning. Consistent with impaired functioning of the HPA axis, elevated inflammation levels have been observed in both children and adults who experienced maltreatment in early life [93] . Abnormal endocrine and immune functioning in children exposed to ACEs may impact on mental and cardiovascular health. The potential effects of ACEs on these systems have been reviewed elsewhere by Danese and McEwen [94] and more recently by Nusslock and Miller [89] .
Endothelial Function
A recent study in rats showed that maternal separation, a rodent model of early life stress, induced increased circulating endothelin-1 (ET-1) levels, and BP reactivity through the ET-1 pathway [95] . Furthermore, in a study of 221 healthy adolescents and young adults, Su et al. [96] found graded associations of ACE exposure with plasma ET-1 levels, which were, on average, 18 and 24 % higher in participants with 1 ACE and ≥2 ACEs, respectively, vs. those without ACEs (P=0.001). ET-1 is well known as a potent vasoconstrictor with inotropic and proinflammatory properties [97] [98] [99] . Dysregulation of the endothelin pathway is considered to occur early during development of atherosclerosis and vascular complications. Elevated plasma ET-1 levels have been found in patients with CHD, heart failure, and pulmonary arterial hypertension [100] . These preliminary studies suggest that the endothelin pathway may, in part, underlie the link between ACEs and development of CVD; however, replication of findings is needed.
Clinical and Population Health Implications
If the ACEs do indeed influence CVD risk, there is substantial literature on childhood interventions to help prevent or mitigate effects of ACEs on children, described in more detail elsewhere [101] [102] [103] [104] . A number of specific prenatal and childhood programs, such as the Nurse-Family Partnership, Perry Preschool, Abecedarian Project, and Triple P programs, provide a nurturing environment to children and their families and have been shown to have lifelong positive effects on developmental and health outcomes [101] [102] [103] [104] . These types of interventions could influence cardiovascular risk as suggested by the recent Science article on the Abecadarian project [101] . This was a randomized controlled trial showing impacts of enriched preschool on blood pressure, metabolic syndrome, and Framingham risk score in participants in their mid-30s, with effects particularly strong in males [101] . However, replication and extension of findings on impacts of early life interventions on later life CVD risk are needed.
Aside from childhood interventions, an important question is BWhat, if anything, can be done in adult patients to reduce potential harmful effects of ACEs on CVD risk?^Further-more, is it worthwhile for cardiologists to screen patients for ACEs if cardiologists are currently minimally equipped to mitigate effects of ACEs? These are important issues and are at the forefront of research at this time. For mental health outcomes, there are a range of adult interventions, including pharmaceutical and behavioral, designed to limit mental health effects of ACEs [105] . Some may be more effective than others. For example, a recent study in The Lancet suggested that while Mindfulness-Based Cognitive Therapy and antidepressant medication had similar effects on depression relapse, Mindfulness-Based Cognitive Therapy was significantly more effective than antidepressants in participants with severe childhood abuse [106] . The potential impacts of depression on CVD risk are reviewed above. These findings suggest that certain adulthood interventions may be effective at reducing ACE-related disparities in health. As cardiologists and other health professionals that treat adults consider screening adult participants for ACEs, it will be important to have a team that can support the patient if he or she is deemed at risk due to ACEs [107] . Furthermore, research evaluating adult intervention effectiveness to reduce impacts of ACEs on CVD risk would be beneficial at this time. Treatment options could include both pharmacological and behavioral approaches.
Finally, it is important to consider the social contexts in which ACEs manifest. For example, parents living in poverty, with few employment opportunities, low education, and inadequate support systems are more likely to express more adverse parenting styles, such as neglect, abuse, and lower parental monitoring [104] . Efforts to address upstream fundamental determinants of ACEs may help to break the intergenerational cycles that tend to link early life adversity with later life disease [108] .
Conclusion and Future Directions
ACEs are prevalent in the USA, exerting an enormous impact on individuals, families, and society. Findings to date suggest that ACEs may have an impact on CVD. The quality of research findings will be strengthened with further prospective studies, validated measures of ACEs, direct assessments of CVD events, and randomized controlled trials of interventions. In the mean time, clinicians might reflect on the potential benefits of considering the role of ACEs in CVD risk and explore plausible interventions to help mitigate these effects.
There is an emergent need to develop trauma-informed care (TIC) for CVD patients who experienced adverse events in early life. TIC is an approach to engaging people with histories of trauma that recognizes the presence of trauma symptoms and acknowledges the role that trauma has played in their lives [109••] . In recent years, the term of TIC has been widely used, particularly in behavioral health service [110] . Future research is needed to implement TIC in clinical trial and daily health care practice [109••] . For example, it is important to critically examine if a more empathic and sensitive communication between patients and health care providers can encourage trauma survivors more likely to follow up on medical appointments and engage in preventive care and potential cost savings for these patients. It is also crucial to design clinical trials to examine if integrated TIC treatment or intervention can improve health outcomes and reduce CVD risk in patients with a history of ACEs and to identify the optimal strategies that can help these patients lead to healthier lives.
In addition to implementing TIC in the treatment of CVD, early intervention and increasing children's exposure to safe, stable, and nurturing environments may be more efficient than treating diseases as they arise later in life [103] . Recently, the American Heart Association released a science advisory, emphasizing the importance of greater efforts to preserve cardiovascular health from childhood and to treat health risk behaviors into older ages [111] . Consistent with the AHA's strategic impact 2020 goals and beyond, there is a need to develop research and programs preventing early adversity and promoting positive child development. 
